This article reports on the design and development of a complete, programmable electrocardiogram ͑ECG͒ generator, which can be used for the testing, calibration and maintenance of electrocardiograph equipment. A modified mathematical model, developed from the three coupled ordinary differential equations of McSharry et al. ͓IEEE Trans. Biomed. Eng. 50, 289, ͑2003͔͒, was used to locate precisely the positions of the onset, termination, angle, and duration of individual components in an ECG. Generator facilities are provided so the user can adjust the signal amplitude, heart rate, QRS-complex slopes, and P-and T-wave settings. The heart rate can be adjusted in increments of 1 BPM ͑beats per minute͒, from 20 to 176 BPM, while the amplitude of the ECG signal can be set from 0.1 to 400 mV with a 0.1 mV resolution. Experimental results show that the proposed concept and the resulting system are feasible.
I. INTRODUCTION
The electrocardiogram ͑ECG͒ is considered a highly valuable diagnostic aid and clinical tool in modern medicine. This is primarily because a visual inspection of the recorded ECG wave form is critical to the correct diagnosis and treatment of cardiovascular diseases. 1 Measuring the surface of the body, the ECG wave form conveys vital physiological information of the condition of the patient's heart and cardiovascular system. 2, 3 As a result, it is highly crucial that a patient's ECG wave form is faithfully captured and preserved as it passes through the electrocardiograph equipment in order to avoid any misinterpretations of the patient's condition. It is therefore important that in testing, evaluating, critiquing, and calibrating electrocardiograph equipment, a test ECG signal that represents realistically the actual electrocardiogram is obtained. This is an essential feature in the performance evaluation and commissioning of ECG equipment.
It must be noted that many signal sources act as patient simulators that synthesize electronically a signal representing the ECG, yet frequently these signals do not change over the full range of the heart rate in a manner that reflects their true behavior. 4, 5 In this article, we report on the development of an accurate and programmable ECG generator that will provide ECG wave forms of different kinds of heart disease for the testing and calibration of electrocardiograph equipment.
II. BACKGROUND AND FEATURES
A single sinus ͑normal͒ cycle of the ECG, corresponding to one heartbeat, is traditionally labeled with the letters P, Q, R, S, and T on each of its turning points ͑Fig. 1͒. The P wave is followed by a QRS complex. The QRS complex represents the depolarization of the ventricular myocardium. A normal P wave has a duration of less than 0.11 s, while a normal QRS complex greater than 0.1 s. The normal T-wave duration is greater than 0.13 s, and the duration of a Q wave is more than one fifth the height of an R wave. A normal PR interval is 0.12-0.20 s. The normal QT interval is greater than 0.4 s. The normal heart rate ͑HR͒ is 60-100 beats per minute ͑BPM͒ with variations of less than 10%. 6, 7 In this article, the ECG generator provides twelve outputs from leads that have the following parameters, all of which are adjustable: ͑a͒ Heart rate of 20-176 BPM, ͑b͒ P-wave duration of 0.1 ms-0.3 s in 1 ms steps, ͑c͒ QRS-complex duration of 0.1 ms-0.5 s, ͑d͒ T-wave duration of 0.1-0.9 s, ͑e͒ QRS complex amplitude of 0.1-400 mV in 0.1 mV resolution, ͑f͒ Relative P-wave amplitude and 10% -90% of QRS complex in 1% steps, ͑g͒ Relative T-wave amplitude and 10% -150% of QRS complex.
When in operation, the ECG generator examines the user-defined parameters and calculates the duration for each of component of a cardiac cycle using Eq. ͑2͒, shown in Sec. III. The entire ECG signal is then generated with the appropriate amplitude; in addition, time scaling is applied to each of the components. 
III. DYNAMICAL ECG ALGORITHM
where ␣ =1− ͱ x 2 + y 2 , is the angular velocity, ⌬ i = ͑ − i ͒ mod 2 , = arctan 2͑y , x͒ ͓the four quadrant arctangent of real part elements of x and y, with − ഛ arctan 2͑y , x͒ ഛ ͔.
The above equations were used as the basis for generating ECG wave form components that altered along with i , a i , and b i to provide a realistic simulation of true ECG signals. Current implementations of the ECG generator allow the user to modify the components of the P, Q, R, S, and T waves. These components are placed at fixed angles along the unit circle given by i . Their amplitudes are set by a i and the width of the waveform components are given by b i .
In order to implement the model on a microcontroller, we modified and made some simplifications to the model given by McSharry et al. In Eq. ͑1͒, z 0 ͑t͒ = A sin͑2f 2 t͒ is a function that is used to simulate the baseline wander. It allows perturbation of synthetic signals to occur, resulting in a small-amplitude fluctuation in the ECG generator; hence, this function was removed.
In order to allow the digital-to-analog converter ͑DAC͒ to accurately export all components in the ECG wave form, three parameters, K, D n , and V r are added into the equations for the considerations of practical hardware implementation, thus giving the revised model as
where N = K͑V r / D n ͒ , K is a scale factor and V r is a reference voltage for the DAC, D n is the inverse of the resolution ͑1/D n ͒ of the DAC ͑for example, a 12 bit DAC has a resolution of 1 / D n =1/2 12 . The detailed description of the implementation is discussed in Sec. IV.
In order to reduce the calculation time so that the implementation of the system on a microcontroller becomes possible, we further simplified the computation. The model of McSharry et al. used the fourth-order Runge-Kutta method 9 to compute equations. We tried using second-order RungeKutta method and found almost similar results ͓Fig. 2͑a͔͒. Furthermore, the greatest absolute value of the difference is about 15 V ͓Fig. 2͑b͔͒, which is far smaller than the standard ECG signal of 0.1 mV resolution. Using the secondorder Runge-Kutta method, we can save up to 50% of computation time and increases greatly the efficiency of the microcontroller. The detailed description of the implementation is discussed in Sec. V. Figure 3 shows a schematic diagram of the ECG wave form generator. The circuit is comprised of a microcontroller unit ͑MCU͒, a complex programmable logic device ͑CPLD͒ component, a DAC, a 16-button keypad, and a liquid crystal display ͑LCD͒ module. The microcontroller interfaces with the port expansion via a CPLD chip. The keypad allows the user to input parameters, while the LCD display indicates current parameter settings. The output ECG wave form is converted from digital-to-analog signals via an efficient 12 bit DAC unit.
IV. SYSTEM IMPLEMENTATION
The Winbond® W78E516B ͑IC 1 ͒ is an Intel® 8051-based CMOS microcontroller. The instruction set of the microcontroller includes multiplication, division, and shifting operations, which are extremely useful for the calculations required in determining the timing and amplitude of the ECG components.
Modern digital systems are being increasingly developed on CPLD. 10 The EPM7128SLC84 ͑IC 2 , CPLD with 128 macrocells and 84 pins, ALTERA Semiconductors͒ includes all of the logic operations of the digital circuit as a chipset of the system. The program is implemented by using the very high-speed integrated circuit Hardware Description Language ͑VHDL͒ and the ALTERA MAXϩPLUS II™ v.10.2 software was employed to synthesize and simulate the program.
The output DAC unit, shown as IC 3 ͑AD7541, Analog Devices Inc.͒ in Fig. 3, is a 12 bit, monolithic, Fig. 3 , depicts the voltage-output of the DAC, from which we obtain
where 
Thus, the amplitude of the ECG generator can be set to range from 0.1 to 400 mV with a resolution of 1 LSB= 0.1 mV. Finally, the output voltage of the IC 4 is passed through a second-order, low-pass filter with a cutoff frequency of 300 Hz. The multiple-feedback filter consists of an op-amp ͑OPA2335, IC 6 ͒, capacitors C 4 and C 5 , and resistors R 3 , R 5 , and R 6 . The output signal of the filter ͑IC 6 ͒ is passed through an inverting amplifier composed of the op-amp ͑IC 5 ͒ and resistors ͑R 4 and R 7 ͒ for generating a differential output signal.
V. RESULTS AND DISCUSSION
In Fig. 4 , mode A used the fourth-order Runge-Kutta method to execute Eq. ͑1͒. The execution time for the MCU was about 760 ms. Including the DAC unit and data access time, the total time spent was 904 ms ͑Х66 BPM͒. Similarly, if the second-order Runge-Kutta method was used for the calculation, the total execution time would be 695 ms 
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͑Х86 BPM͒, shown as mode C in Fig. 4 . However, the normal heart rate is 60-100 BPM; hence, Modes A and C were unable to satisfy the requirement of the system. Mode B used the fourth-order Runge-Kutta method to do the calculation using the modified model ͓Eq. ͑2͔͒. The total time spent was 558 ms ͑Х107 BPM͒. Mode D similarly used the secondorder Runge-Kutta method, and the total time spent in this was 340 ms ͑Х176 BPM͒. Figure 5 shows the comparison in accuracy when using the hardware system to perform the mathematic model Eq. ͑1͒ and the modified Eq. ͑2͒. In Fig. 5 , the Y axis represents the correct heart rate while the X axis represents the transmitted heart rate of the ECG generator. Figure 5͑a͒ demonstrates the results obtained using Eq. ͑1͒, with 1 BPM being the unit for the accuracy test. When the system setting was larger than 86 BPM, the correlation coefficient ͑r͒ reduces rapidly ͑r = 0.22͒. When Eq. ͑2͒ was used, then the maximum HR that the system can set became 176 BPM, as shown in Fig. 5͑b͒ . Finally, as can be seen from the practical experimental results in Figs. 4 and 5, using the second-order Runge-Kutta method to calculate Eq. ͑2͒ can achieve the best efficiency ͑mode D͒ and confirm to the biggest value of the 176 BPM heart rate setting.
From the report of the World Health Organization ͑WHO͒, about 17ϫ 10 6 people worldwide die of cardiovascular diseases annually, especially by myocardial infarction ͑MI͒. Bundle branch block ͑BBB͒, caused by MI, can be divided into the left bundle branch block ͑LBBB͒ and the right bundle branch block ͑RBBB͒. As a result, ECG equipment must be able to accurately diagnose and lower any medical negligence and mistakes. Figure 6 shows normal and LBBB ECG wave forms produced by the ECG generator for testing and calibration when using ECG equipment. The images show examples of wave forms generated at heart rates of 70 and 80 BPM, respectively. The parameters are shown in Table I .
As seen in Table I , the parameter values of P, Q, R, S, and T are specified, and the duration of the P wave, the QRS complex, the T wave and the intervals between them are The normal ECG wave forms with the heart rate at 70 BPM. ͑b͒ The LBBB wave forms with the heart rate at 80 BPM.
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J.-R. Chang Chien and C.-C. Tai Rev. Sci. Instrum. 77, 075104 ͑2006͒ calculated using Eq. ͑2͒. These calculated results are then employed to determine the timing and amplitude needed to generate each of the constituent components of the waveforms. Figure 6͑a͒ shows a normal ECG wave form ͑lead II͒ with a frequency of 1.14 Hz ͑1.14ϫ 60Х 70 BPM͒ generated by the ECG generator. The figure was downloaded from a LeCory LT324 oscilloscope ͑500 MHz bandwidth, 500 MS/ s maximum͒ for measuring the ECG wave form. The parameters are shown in Table I ͑T 1 ͒. The P wave is followed by a QRS complex, which represents depolarization of the ventricular myocardium. The QRS complex is 0.15 s ͑standard: ജ0.1 s͒, the PR interval is about 0.18 s ͑standard: 0.12-0.2 s͒. The T wave is 0.1 s ͑standard: T wave Ͼ0.05 s͒, and the Q wave is about 1 / 5 height of the R wave ͑standard: ജ1/5͒. On the oscilloscope, the TIME/DIV scale setting is 0.2 s / div, where one division of the screen represents 0.2 s. Figure 6͑b͒ shows an example of the LBBB wave form that was measured using the ECG generator output. The LBBB parameters are shown in Table I ͑T 2 ͒. The heart rate of the simulated ECG is 80 BPM ͑1.33ϫ 60Х 80 BPM͒. Similarly, the TIME/DIV scale setting is 0.2 s / div. The duration of the QRS complex is 0.11 s ͑standard LBBB: ജ0.1 s͒.
The diagrams in Fig. 6 describe the normal and LBBB ECG wave forms produced by the proposed ECG generator. The outline and causes of the disease of these wave forms can be proven by referring to the database provided by the MIT-BIH. 12 Aside from providing normal ECG wave form, this database also records various ECG wave forms in clinical arrhythmia; for example: LBBB, RBBB, atrial premature beat ͑APB͒, abberated atrial premature beat ͑AAPB͒, and so on. As a result, according to this standard ECG database, we can adjust the i , a i , and b i of the model to synthesize different kinds of ECG wave forms of arrhythmia.
From the mathematical model of McSharry et al., we have developed an ECG generator, which can quickly and accurately produce different types of synthetic ECG wave forms. The proposed programmable ECG generator has been shown to be capable of replicating many important features of the human ECG. Different kinds of heart diseases such as LBBB and RBBB can be generated by modifying the positions of the P, Q, R, S, and T waves. Changes in the parameters ͑ i , a i , and b i ͒ of the constituent components provide an accurate reproduction of those observed in practice. In particular, the partial merging of the P and T waves at high heart rate has been accurately replicated. 
